We describe a new tandem mass spectrometer which has been designed to investigate sputtering phenomena at solid surfaces under bombardment with polyatomic projectile ions with particular emphasis on the detection of neutral atoms and clusters ejected from the surface. The primary ions are generated in a cluster ion source which is based on pulsed laser ionization of neutral particles sputtered from another solid surface bombarded with 5-keV Xe ions. In order to characterize the sputtering processes initiated by these ions, neutral atoms and clusters ejected from the target surface are analyzed by means of single photon ionization using an intense pulsed VUV laser in a second, re¯ectron type timeof-¯ight (ToF) mass spectrometer. We report on ®rst results obtained with this instrument regarding the self-sputtering of a polycrystalline silver surface under bombardment with 8-keV atomic silver ions and polyatomic silver cluster ions. More speci®cally, the yields of neutral Ag n clusters with n 1Y F F F Y 4 as well as the variation of the total sputtering yield have been determined using Ag , Ag 2 and Ag 3 projectile ions. Ó
Introduction
If a solid is bombarded with keV-ions, particles are released from the surface due to elastic collisions (``sputtering''). It is well known that the superposition of collision cascades initiated by several projectiles may lead to strong non-linear eects, provided the impinging particles hit the surface in a highly correlated manner both with respect to their impact location and time [1] . Due to the small lateral extension of a collision cascade ($10 nm) and its extremely short lifetime ($1 ps), the latter condition is practically impossible to meet if single atomic projectiles are used, since the necessary spatial and temporal correlation would require unrealistically high projectile current densities. This is fundamentally dierent if polyatomic projectile ions are used. The bombardment of surfaces with (ionic) clusters of several atoms therefore represents an elegant way to study the eects of correlated atom bombardment in particle surface interactions. In particular, it has been demonstrated that the sputtering yield induced by a polyatomic projectile may signi®cantly exceed the sum of the yields induced by the constituent atoms arriving individually (see the review of [1] and references therein or [2] for most recent data showing very large eects). Moreover, a number of experiments indicate that the mass distribution of sputtered particles may be strongly in¯uenced by the nuclearity of the projectile. More speci®cally, it has been found that the contribution of cluster ions to the total¯ux of sputtered particles is generally enhanced if polyatomic instead of monatomic projectiles are used, the eect being the more pronounced the larger the sputtered cluster [3±7] . The drawback of these experiments, however, is that only the charged fraction of the sputtered particles which leaves the surface as``secondary ions'' has been analyzed. Therefore, it is not possible to discern if the observed enhancement results from enhanced formation or enhanced ionization of the emitted clusters. In order to arrive at quantitative conclusions regarding the formation processes of clusters in sputtering, it is therefore necessary to detect the corresponding sputtered neutral species as well. We have recently developed a method to study the emission of sputtered neutral clusters by post-ionization using single photon ionization in an intense VUV laser beam [8] . In the present paper, we describe a combination of this technique with a new cluster ion source intended to study the formation of sputtered clusters under bombardment with polyatomic cluster ions. First applications involve the self-sputtering of a metallic target (silver) with atomic, dimer and trimer ions of the same material.
Experimental setup
The scheme of the setup used in the present work is depicted in Fig. 1 . The system comprises of an ion source generating cluster ions of a selectable element (here: silver) and a time-of-¯ight (ToF) mass spectrometer with laser post-ionization used to detect the neutral species sputtered from a selectable target (here: also silver). All components are housed in an ultrahigh vacuum chamber with a base pressure of several 10 À9 mbar. During the experiments, the pressure rises to about 2´10 À7 mbar (mostly Argon and Xenon) due to the operation of several rare gas ion guns.
Cluster ion source
In order to produce silver cluster ions, a polycrystalline silver foil (target 1) is bombarded with 5-keV Xe ions of a prototype Leybold IQ 100 ion gun delivering an ion current of about 1 lA. Since most of the atoms and clusters released from the surface are sputtered as neutrals, the particles are ionized by a focused laser beam (focal cross-section 0.16 mm 2 ) located about 1 mm above the surface. In the present experiments, the laser (Lambda Physik excimer laser, model EMG 150 EST) was operated at a wavelength of 193 nm corresponding to a photon energy of 6.4 eV, a pulse energy of about 40 mJ and a pulse length of $15 ns. In order to ionize the neutral Ag atoms and Ag 2 dimers, the absorption of two photons is necessary, whereas the ionization of Ag 3 requires the absorption of only one photon [9] . At the same time when the laser is ®red, the electrostatic potential of target 1 is switched from ground potential to +8 kV by a fast high voltage switch (Behlke, model HTS 301). The maximum high voltage achievable with the present setup is +24 kV. The positively charged particles produced by the laser are accelerated in the resulting electric ®eld to a kinetic energy which is approximately equal to the target potential with an uncertainty of about 1% being determined by the focal dimension of the laser beam in connection with the extraction geometry. After acceleration, the ions are mass separated in a linear ToF mass spectrometer, with a time resolution which is high enough to separate the dierent cluster sizes irrespective of the mass of the constituent atoms (see below). The cluster pulses are de¯ected by a pair of blanking plates which is normally set to deviate the beam in order to prevent ions from passing a 3-mm diameter aperture located downstream from the plates. At the passing time of cluster ions of the desired size, both plates are switched to ground potential with a rise and decay time of several nanoseconds. The cluster ion pulses leaving the source can be either used to bombard a sputtering target (target 2) which in the present experiments is a second polycrystalline silver foil. Alternatively, a microchannel plate (MCP 1) can be put in the position of the sputtering target in order to monitor the generated ion pulses. The primary ions impinge onto the target as well as onto the MCP 1 surface under an incidence angle of 45°with respect to the surface normal. The diameter of the bombarded surface area is determined by the beam blanking aperture (3 mm in these experiments). Fig. 2 shows typical ToF spectra of primary ions produced in the cluster ion source, which have been measured using the MCP 1 detector. In order to reduce statistical noise, the spectra have been averaged over 100 primary ion pulses. The upper panel (a) depicts the total mass spectrum which has been recorded with both blanking plates set permanently to ground potential, thus allowing all generated ions to reach MCP 1. The three following panels (b), (c) and (d) show the ion peaks obtained under conditions where only one cluster size is selected to leave the source. In view of the dierent vertical scales employed, it is seen that the blanking device allows a practically complete suppression of unwanted ions. Upon integration of the¯ight time peaks, we obtain the total charge delivered by the MCP 1 detector, which can easily be converted into the total number of ions N ion contained in the pulse. In order to achieve this, we have determined the average charge produced by a single ion in a way described in detail in Ref. [10] . The resulting gain of the MCP 1 is 7X5 Â 10 5 for Ag n ions (n 2Y 3Y 4) and 1X1 Â 10 6 for Ag ions, the values of N ion as well as the peak ion currents I max obtained with these data are displayed in Table 1 . The temporal dispersion of the ions produced in the source is in part determined by the distribution of starting coordinates within the ion extraction region which, in turn, is given by the focal dimension of the ionizing laser beam. From ion trajectory simulations, we estimate the resulting time resolution to be taDt 95 irrespective of the ion mass. A second contribution to the observed widths of the¯ight time peaks stems from the isotopic structure of the silver atoms and clusters. Since the Ag atom has two natural isotopes with almost equal abundances at masses 107 and 109 amu, this contributes to an additional broadening of the respective peak corresponding to Dtat $ 54. The isotopic structure of Ag 2 , which comprises of a single major peak at mass 216 with two satellites separated by two amu on each side, results in an additional taDt $ 216, whereas the structure of Ag 3 (two major peaks spaced by two amu and two satellites separated by additional two amu on each side) results in taDt $ 80. The total¯ight time, on the other hand, should simply be proportional to the square root of the cluster size. From the data depicted in Fig. 2 , we deduce the¯ight times and peak widths given in Table 1 , which show reasonable agreement with the predictions given above.
Laser ToF spectrometer
The laser post-ionization re¯ectron time-ofight spectrometer (ReToF) used to characterize the¯ux of neutral particles sputtered from the surface of target 2 has been described in much detail earlier [10±13]. In short, neutral species ejected from the surface are post-ionized employing a single photon ionization process using an intense (5´10 5 W/cm 2 ) pulsed VUV laser (Lambda Physik LPX 120i operated with F 2 /He gas ®ll) emitting radiation at a wavelength of 157 nm. The time delay between the primary ion pulse delivered by the cluster ion source and the ionizing laser pulse was always set to 500 ns in order to ensure an optimum overlap between laser ®eld and the plume of sputtered neutrals. The laser beam is located at a distance of about 0.5 mm above the surface. Simultaneously with the ionizing laser pulse, the potential of target 2 is switched from ground potential to +1.5 kV, thus establishing an electric ®eld which extracts the photo-ionized atoms and clusters into a ReToF, where they are detected at a second microchannelplate detector (MCP 2 in Fig. 1 ). For a more detailed description of the experimental setup as well as of the procedures used to acquire mass spectra and yield distributions of sputtered neutral atoms and clusters with this system, the reader is referred to our previous publications [10±13] .
The sputtering target used in the present experiments is a high purity polycrystalline silver foil. Prior to each experiment, the target surface was sputter cleaned by bombardment with 5-keV Ar ions at an ion current density of 3 Â 10 À4 A/ cm 2 for at least 5 s. Fig. 3 shows mass spectra of post-ionized sputtered neutral atoms and clusters which have been ejected from a polycrystalline silver surface under bombardment with Ag , Ag 2 and Ag 3 ions with a kinetic energy of 8 keV. The background mass spectrum recorded with the ion beam completely blocked, which contains residual gas peaks, has been subtracted. The observed mass resolution of maDm % 400 (at the mass of Ag 3 ) is typical for the ReToF instrument under the prevailing operation conditions. Due to the limited dynamic range (induced primarily by the relatively low primary ion currents), only clusters containing up to four atoms can be identi®ed. However, it is clearly seen that the contribution of neutral trimers and tetramers within the sputtered¯ux increases with increasing nuclearity of the primary ions. In order to quantify the measured signals, it is important to note that the data presented in Fig. 3 have been obtained with a relatively low intensity of the ionizing laser. From our previous experiments regarding the 157-nm post-ionization of sputtered silver clusters we know that in this intensity range all signals vary linearly with laser intensity, and hence the measured signals are proportional to the product of the photoionization cross-section r i and the number density q n of sputtered neutral clusters Ag n . Since the cross-sections for single photon ionization of sputtered silver clusters have been determined in [12] , we can convert the measured signals, i.e., the signals integrated over the respective mass peak, into number densities within the ionization volume above the surface. In order to convert to sputtering yields (i.e. sputtered¯ux-es), a further correction is necessary which takes into account possible dierences in the velocity distribution of the sputtered neutrals. More speci®cally, the inverse average emission velocity hv À1 i is needed in order to convert from measured number density to sputtered¯ux. The values of hv À1 i can be taken from our measurements of the velocity distributions of sputtered Ag n clusters [12] . The resulting relative cluster yields, i.e., the partial sputtering yields of neutral Ag 2 , Ag 3 and Ag 4 clusters normalized to that of Ag monomers, are depicted in Fig. 4 . Again, it is seen that the relative yields increase with increasing nuclearity of the primary ion. Interestingly, the variation between primary atomic and dimer ion is much more pronounced than that between dimer and trimer ion. For the case of sputtered dimers, we even observe a small decrease of the yield upon changing from dimer to trimer ions.
Results and discussion
The data depicted in Fig. 4 can be used to determine the variation of the total sputtering yield Y tot as a function of the nuclearity of the primary ion. Using a literature value for the self-sputtering yield of silver under 8-keV Ag ion bombardment [14] , we obtain total sputtering yield values depicted in Fig. 5 . Interestingly, an almost linear increase of Y tot with increasing bombarding cluster size is found, which means that ± at a total bombarding energy of 8 keV ± the self-sputtering yield In our previous work on sputtering of silver with monatomic rare gas ions, we have always found a monotonic correlation between the total sputtering yield and the relative abundances of sputtered clusters in such a way that, whenever the sputtering conditions were changed such as to increase the sputtering yield, the relative yields of sputtered clusters were enhanced [15] . From the results presented in Fig. 5 , we would therefore expect the relative cluster yields to increase with increasing nuclearity of the primary cluster ion. In that sense, the results of Fig. 4, i. e., in particular the relatively small variations observed upon changing from dimer to trimer ion bombardment, appear surprising. The data can, however, be compared with similar results obtained for positively charged secondary cluster ions sputtered from Ta and Nb surfaces under bombardment with Au m projectiles (m 1Y F F F Y 3) which have been published recently [4, 16] . At a constant primary ion velocity corresponding to 6 keV per gold atom, this work shows a relatively strong enhancement of the cluster abundance with increasing nuclearity m of the projectile, an eect which strongly increases with increasing size of the sputtered cluster. However, the magnitude of this enhancement was found to be much smaller for the transition m 1 3 2 than for m 2 3 3. In particular, for small sputtered clusters containing only four or less atoms (i.e. the cluster size range detected here), the enhancement observed when changing from dimer to trimer bombardment was below 20%. This trend is necessarily even stronger if the cluster abundance distributions are compared for constant total primary ion energy (as also used here) instead of constant velocity. Similar results have also been obtained for the yields of other polyatomic secondary ions emitted from metallic or organic surfaces under gold cluster ion bombardment [17] . It should be noted, however, that the work described in [4, 16, 17] was performed on sputtered secondary ions, where due to the unknown dependence of the ionization probability on the type of primary and secondary particles measured signal variations do not necessarily reect sputter yield variations. More data regarding the neutral sputtering products are therefore ultimately needed in order to assess the eect of polyatomic ion bombardment on the yields and relative abundances of sputtered clusters.
